Abstract-The GSS 'atomistic' simulator GARAND has been enhanced with a thermal simulation module to investigate the impact of self-heating on FinFET DC operation. This thermal simulation module is based on the solution of the coupled Heat Flow, Poisson, and Current Continuity Equations, which is developed for the benefit of computational efficiency. A new formula for the calculation of the thermal conductivity in the fin region is employed considering both fin shape and temperature dependencies. The heat dissipation through the gate is treated by nonhomogeneous Neumann boundary conditions. The electrothermal simulation results for an SOI FinFET example, designed to meet the specifications for the 14/16nm CMOS technology generation, are presented. The lattice temperature profiles under different external thermal resistances connected to the gate and the corresponding Id-Vg characteristics are investigated and analysed.
INTRODUCTION
Self-heating is one of the major concerns for nanoscale semiconductor transistors in terms of performance and reliability. As a result, there is a growing demand for the development of reliable electrothermal models and tools treating more accurately the self-heating effects in nano CMOS devices [1] [2] [3] . Simultaneously FinFETs, with their superior electrostatic integrity, performance and variability are replacing the traditional planar MOSFET [4] . However, because of its 3D architecture, the FinFETs' thermal properties are significantly degraded. Self-heating effects will be exacerbated in SOI FinFETs (a schematic of an SOI FinFET is shown in Fig. 1 ), due to the low thermal conductivity of the buried oxide layer beneath the fin. To maximize the benefits of FinFET technology, an enhancement of TCAD tools is required to allow accurate analysis and modelling of self-heating in FinFETs and its influence on device performance [1] [2] . A progressive electro-thermal FinFET simulation study has been presented [5] .
Recently, the thermal simulation module in the GSS 'atomistic' simulator GARAND [6] has been enhanced to capture accurately the fin geometry dependence of the thermal conductivity [7] [8] . In this paper, GARAND is used to investigate the electro-thermal performance of SOI FinFETs under different external thermal resistances connected to the gate. The paper is organised as follows. In section II we provide a brief description of the simulation methodology, including the new approximate formula for the calculation of the thermal conductivity in the fin region, and the treatment of heat dissipation through the gate. In Section III, the electrothermal simulation results, for an SOI FinFET example, designed to meet the specifications for the 14/16nm CMOS technology generation, are presented and analysed. The lattice temperature profiles under different external thermal resistances connected to the gate and the corresponding Id-Vg characteristics are investigated. Finally the conclusions are drawn in Section V. 
II. SIMULATION METHODOLOGY

A. Coupled electro-thermal simulations
Our electro-thermal simulation module, which is implemented in the atomistic simulator GARAND, is based on the solution of the coupled Heat Flow, Poisson and Current Continuity Equations. The heat flow equation may be derived using phenomenological considerations, beginning with the Fourier law, which relates the heat current and the temperature gradient via the thermal conductivity into a linear response model, equivalent to Ohm's law. The heat flow equation can be written as: , where is the lattice temperature, is the mass density, c is the specific heat of the material, is the thermal conductivity, and H is the heat generation term. This assumes that the electrons and holes are in thermal equilibrium with the silicon lattice. If Joule heat is considered, the heat generation term can be written as: ( 2 ) where is the electron current densitiy, is the electric field, is the lattice heating due to carrier recombination/generation. Here we focus on the selfconsistent solution of the steady-state heat-flow equation. The current density has three components corresponding to a drift term, electron density gradient and temperature gradient terms: (3) where n is the electron density, is the electron mobility, k is Boltzmann constant.
B. Thermal conduction in the fin
A special thermal conductivity model is developed considering the effects of thermal confinement in FinFETs, where the thickness and width of the fin are less than 100 nm. The thermal conductivity in the fin can be significantly reduced compared to bulk Si, due to phonon-boundary scattering. A new approximate formula is employed in our thermal module for the calculation of the thermal conductivity in the fin region, which generalises a previous 1D paradigm [9] to 2D confined structures by assuming a similar integral dependency in the second direction [7] . For a fin of height h and width w, the thermal conductivity in the fin is given by ( 4 ) where the offset of the y and z origins is accounted as follows: the z-axis is along the direction of fin height with the top and bottom surfaces of the fin being at z=0 and z=h, and the y-axis is along the direction of fin width with the surfaces of the fin being at y=-w/2 and y=w/2. Using this new calculation method the fin thermal conductivity is estimated to be 1~2 orders of magnitude lower than conventional values for bulk Si.
C. Heat dissipation through the gate
The thermal environment, where heat is dissipated, is a large domain, including transistors, the substrate, the interconnect layers, the die, the heat sink and packaging. The bulk of the thermal resistance lies outside of the usual electrical simulation domain, which is typically restricted to the active region of the device in order to maximize computational efficiency. The inclusion of external thermal resistances to account for heat dissipation into interconnects, the wafer, the case etc. is crucial for thermal simulations.
In FinFETs, the gate almost "wraps" around the channel, which gives excellent control of the conducting channel and very little current is allowed to leak through the body when the device is in the off state. This is beneficial for optimal switching speeds and power. However, the heat dissipation through the gate is more complicated than the source and drain region, because the shape and materials of the gate stack and the surrounding region are much more complex. At thermally conducting interfaces, nonhomogeneous Neumann boundary conditions can be imposed: ( 5 ) where is the external thermal resistance, T a is the ambient temperature, N is the unit vector in the direction of the outer normal at the interface.
III. SOI FINFET EXAMPLE
The material and structure of the SOI FinFET used in this study are shown in Fig. 2 . Its channel length is 25 nm with spacers of 6nm on both sides of the gate, while the fin width and the fin height are 12nm and 30nm respectively. A high-k metal gate stack is used. The device parameters are listed in Table I . This SOI FinFET example is designed to meet the specifications for the 14/16nm CMOS technology generation. Following the progressive study of a coupled electro-thermal simulation for FinFETs [6] , as a further step, in this paper we investigate the impact of external thermal resistances connected to the gate on the electro-thermal performance of the SOI FinFET. Three external resistances are used accounting for heat dissipation through the top of the gate, the front and the back of the gate. By using GARAND with the coupled thermal simulation module, five different cases with various external thermal resistances connected to the gate of the SOI FinFET example are simulated, as summarised in Table II . The external thermal resistances are user-specified parameters for the electro-thermal simulation module. The values used here demonstrate the effect and importance of the choice of relevant thermal resistances. In the simulation, a special thermal conductivity model that considers the effects of confinement in the fin is employed according to Eq. (4). Temperature dependence has been taken into account in the mobility models and saturation velocity. The Masetti model is used for doping-dependent low-field mobility, the enhanced Lombardi model is used for perpendicular field-dependent mobility and the Caughey-Thomas model is used for lateral field-dependent mobility. Joule heat and potential distributions at high drain and high gate biases resulting from the 3D coupled electro-thermal simulations for "Case 1" are illustrated in Fig. 3 . Lattice temperature distributions at high drain and high gate biases for five cases are illustrated in Fig.4 , as well as the temperature variation according to gate voltage at high drain bias. The IdVg characteristics at high drain bias from the 3D electrothermal simulations are illustrated in Fig.5 . Because of the much lower thermal conductivity of the fin, a significant hot spot is produced near the drain, where the peak lattice temperature exceeds 420K in all five cases in this study, and strong temperature gradients are also generated in this region. As would be expected, the increase of external thermal resistances raises the lattice temperature. However, the external thermal resistance at different places connected to the gate has a different impact. When external thermal resistances connected to the front and the back of the gate increase by 10 times, the lattice temperature increase by approximately 30 K, and consequently the on-current decreases by 3~7%. Conversely, when external thermal resistances connected to the front and the back of the gate are fixed and external thermal resistance connected to the top of the gate is increased 10 times, there is no obvious impact on the lattice temperature and the corresponding electrical performance. Peak temperature and the average temperature in the fin at the high drain and high gate biases, and the on-current are compared in Table III . 
IV. CONCLUSOINS
The electro-thermal simulation capabilities of the driftdiffusion simulator GARAND were enhanced by the development of a thermal conductivity model taking into account the effects of thermal confinement in FinFETs. The 3D coupled electro-thermal simulation results for an SOI FinFET, targeting the 14/16nm CMOS technology generation, has been presented. The lattice temperature profiles under different external thermal resistances connected to the gate and the corresponding Id-Vg characteristics are investigated and analysed. The results show a significant hot spot generated near the drain because of the much lower thermal conductivity of the fin, as the peak lattice temperature exceeds 420 K for all five cases in this study, and strong temperature gradients are also generated in this region. The impact of external thermal resistances at different places connected to the gate is different, consequently affecting the electrical performance of the SOI FinFET. 
